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Photo-induced decarboxylative radical cascade
cyclization of unactivated alkenes: access to CF-
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A mild and effective visible-light-induced decarboxylative radical cascade reaction of olefin-containing

imidazoles with a-fluorinated carboxylic acids as building blocks containing CF or ArCF, moieties, has
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been developed to afford a series of monofluoromethylated or aryldifluoromethylated polycyclic

imidazoles in medium to excellent yields with features of simple operation, available raw materials, and

DOI: 10.1039/d5ra02023a

rsc.li/rsc-advances a radical pathway.

Introduction

Fluorine-containing moieties, owing to the existence of the
most electronegative element, could significantly alter the
physicochemical properties and biological activities of parent
molecules.” Synthetic methods for fluorinated compounds are
consistently in high demand in the fields of pharmaceutical and
agricultural chemistry.> Among various fluorine-containing
groups, the difluoromethylene moiety (CF,), which can serve
as a bioisoster of ethereal oxygen or carbonyl groups,® has been
regarded as a valuable candidate substituent group in the
process of drug discovery.* Consequently, the methods for
synthesizing CF,-substituted compounds have been well
developed.® Notably, the attractive benzylic difluoromethylene
group (ArCF,) has been widely identified in bioactive molecules
(Fig. 1a).® Alongside the development of attractive methods for
direct construction of the ArCF, moiety, such as the direct
deoxygenative fluorination of aldehydes or ketones,” transition-
metal-catalyzed difluoroalkylation of arenes,® visible-light-
promoted difluoroalkylation of arenes,” and direct fluorina-
tion of benzylic C-H bonds,' a number of effective protocols for
direct incorporation of external ArCF, groups into parent skel-
etons have also been established in recent years." Nowadays,
a,a-difluoroarylacetic acids have been recognized as general
and effective aryldifluoromethyl radical precursors due to their
beneficial features, including stability, the generation of CO, as
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wide substrate scopes. In addition, the mechanistic experiments indicated that the methodology involved

a byproduct, and easy accessibility.'* To incorporate ArCF,
moieties into diverse bioactive frameworks, the development of
decarboxylative radical aryldifluoromethylation reactions,
which often involve heat-promoted oxidation™ or a photo-
induced process,' has become one of the hotspots in the field
of fluorine chemistry in the last decade. In addition, significant
progress has been made in the construction of C-CF bonds in
recent years."” Furthermore, methods for synthesizing CF-
substituted compounds via decarboxylative radical mono-
fluoromethylation using o-monofluorinated carboxylic acids
have also been reported.*®

Nitrogen-containing heterocyclic moieties exist in numerous
bioactive molecules.”” Among them, the benzimidazole-fused
polycyclic scaffolds are frequently encountered.*® In particular,
the tricyclic benzimidazole skeletons have attracted extensive
attention in the fields of synthetic and pharmaceutical chem-
istry (Fig. 1b).*> Therefore, various methods for constructing
polycyclic benzimidazole skeletons have been well-developed.*
Among these strategies, the direct cyclization of substituted

benzimidazoles with alkenes, which simultaneously
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Fig. 1 Selected bioactive molecules containing ArCF, motif (a) or
tricyclic imidazole core (b).
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incorporates functional groups into molecules and constructs
complex heterocyclic skeletons in a single-step reaction, has
been considered as a convenient and atom-economical
approach to access ring-fused benzimidazole derivatives with
promising potential.** Despite huge efforts devoted to synthe-
sizing functionalized polycyclic benzimidazoles through radical
tandem reactions of N-alkenoxyl 2-aryl benzimidazoles,*
studies on the intramolecular cyclization of substituted imid-
azoles with olefins at the C-2 position to afford ring-fused
imidazoles have continued to attract more and more interest
in recent years, including transition-metal-catalyzed cross-
coupling,* and cascade radical cyclization.** In 2021, Li and co-
workers described a direct radical cyclization of imidazoles with
olefins to afford difluoroalkylated polycyclic imidazoles using
BrCF,COR as a radical source (Scheme 1a).>* Subsequently,
Chen,” Li,”” and Jin*® independently disclosed a series of
interesting works on radical cascade cyclization of imidazoles
with olefins to synthesize CF;/HCF,-substituted tricyclic benz-
imidazoles using CF;/HCF,SO,Na (Scheme 1b-d). Compared to
the preparation of CF;-substituted polycyclic imidazoles,****
the introduction of ArCF, groups into ring-fused imidazoles
remains largely unexplored. Given the biological activities of
benzimidazole core and aryldifluoromethyl group, it makes
sense to incorporate ArCF, motif into polycyclic benzimidazole
skeletons. In 2025, Li's group reported a protocol for intro-
ducing ArCF, groups to synthesize aryldifluoromethylated
polycyclic imidazoles (Scheme 1e).*° Nevertheless, Li's work
exhibited several limitations, including limited substrates,
unexplored scope of aryldifluoroacetic acids, low yields, exces-
sive amounts of fluorine sources, and ambiguities in the
proposed photochemical mechanistic pathway. During the
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Scheme 1 Synthesis of fluorinated polycyclic imidazoles from imid-
azoles and olefins.
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same period, motivated by ongoing interest in photo-induced
synthesis of fluorinated heterocyclic compounds,** we attemp-
ted to develop the protocol to synthesize CF/ArCF,-substituted
polycyclic imidazoles through visible-light-promoted decarbox-
ylative radical cascade cyclization of olefin-containing imidaz-
oles with corresponding a-fluorinated carboxylatic acids,
simultaneously constructing C(sp®)-CF or C(sp®)-CF,Ar bonds
(Scheme 1f).

Results and discussion

To evaluate the reaction conditions, 1-(pent-4-en-1-yl)-1H-benzo
[d]imidazole (1a) and 2,2-difluoro-2-phenylacetic acid (2b) were
chosen as model substrates (Table 1, details in the ESIT).
Initially, PhI(OAc), was employed as an oxidant, and the reac-
tion was conducted in THF with the irradiation of 405 nm LEDs
(10w) at ambient temperature under a nitrogen atmosphere,
generating the expected product 3aa in 56% isolated yield
(Table 1, entry 1). Then, other oxidants were investigated, such
as PhI(OCOCF;), and (NH,),S,0g, but no reaction was observed
(Table 1, entries 2 and 3). Subsequently, we screened several
common solvents, including DMSO, MeCN, DCM, and so on,
but unsatisfactory results were demonstrated (Table 1, entries

-9). Interestingly, a mixed solvent systerm of THF and H,O
proved equally suitable for the template reaction (Table 1, entry
10). Employing KHCO; as a base failed to enhance the reaction
efficiency (Table 1, entry 11). Fortunately, when we decreased

Table 1 Optimization of reaction conditions®

N Oxidant N
» + PhCF,COOH Solvent, r.t. \
N 405 nm 10 W blue LEDs N CF,Ph
1a _ 2a 3aa
Entry Oxidant Solvent Yield” (%)
1 PhI(OAc), THF 5.3
2 PIFA THF n.r.
3 (NH,),S,05 THF n.r.
4 PhI(OAc), DMSO Trace
5 PhI(OAc), DMAc 11
6 PhI(OAc), CH;CN n.r.
7 PhI(OAc), Et,0 9
8 PhI(OAc), DCM n.r.
9 PhI(OAc), Toluene 20
10° PhI(OAc), THF-H,0 48
114 PhI(OAc), THF 54
12° PhI(OAc), THF 80(89)
13/ PhI(OAc), THF 78
148 PhI(OAc), THF 79
15" PhI(OAc), THF n.r.
16 — THF n.r.

¢ Reaction conditions: 1a (0.2 mmol), 2a (0.6 mmol) and oxidant (0.6
mmol) in solvent (2 mL) irradiated with 405 nm 10 W blue LEDs at
room temperature for 12 h under a N, atmosphere n.r. no reaction.

b Isolated yields. ¢ In THF-H,O (2 mL, v/v, 9:1). ¢ KHCO; (0.6 mmol)
as additive. ¢ 2a (0.4 mmol), "°F NMR yield are given in parentheses
with (trifluoromethoxy)benzene as the internal standard. ¢ 2a (O 4
mmol) 16 h. € 2a (0.4 mmol) and FeCl, (0.02 mmol) as additive. " No
irradiation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the concentration of 1a, the isolated yield of 3aa increased to
80% (Table 1, entry 12), and a 12 hours irradiation period was
adequate to achieve complete conversion of the substrate (Table
1, entry 13). However, the addition of FeCl, did not further
improve the efficiency of reaction (Table 1, entry 14). Addi-
tionally, the reaction failed to ignited in the absence of either
PhI(OAc), or light irradiation, highlighting the indispensable
roles of both PhI(OAc), and light irradiation (Table 1, entries 15
and 16). Therefore, the optimized reaction conditions were
determined as follows: the reaction mixture of 1a (0.2 mmol), 2a
(0.4 mmol), and PhI(OAc), (0.6 mmol) in THF (2 mL) was
exposed to 405 nm blue LEDs (10 W) at room temperature for
12 h.

Having established the optimal reaction conditions, we then
explored the scope of this oxidative decarboxylative
aryldifluoromethylation/cyclization reaction with respect to
substituted N-alkenyl benzimidazoles. As shown in Table 2,
a variety of substituted N-alkenyl benzimidazoles with electron-
withdrawing groups (F, Cl, Br, CF;, COCH; and COOMe) or
electron-donating groups (OMe and Me) at different positions
of phenyl ring successfully underwent the decarboxylative
cascade cyclization reaction, yielding the corresponding prod-
ucts 3aa-oa in 67-86% yields. Pleasingly, the substrates with
halogen atoms (F, Cl and Br) at different positions of aryl group
proved to be well-tolerated under the standard conditions,
smoothly affording the desired products in moderate yields
(3ba-ga, 71-79%), which enable following modifications. It is
worth mentioning that the substrate with electron-withdrawing
groups (COCHj) exhibited higher reactivity than the model

Table 2 Substrate scope of alkenyl imidazoles®

THF (0.1 M), rt. N

1 W 2a 405 nm 10 W blue LEDs 3
oo o~

R'=R?=R%=R%=H, 3aa, 80% R
R?=R%=R’=H, R'=Cl, 3ba, 77%

R3‘Q’\“ R'=R3=R‘=H, R?=Cl, 3ca, 78% Q'\ﬂ
1-R2=R4=| 3, 0
U\CFQPhR R2=R*=H, R%=Cl, 3da, 72% ,\Ej/\

R'=R?=R%zH, R*=Cl, 3ea, 79%

5= —
8 N Ph(OAc), (3.0 equiv.) & N
Y, + PhFCo0H T THOA% B0 equiv) B¢ [
TN QueCF2Ph
n

R=F, 3fa, 74%
R=Br, 3ga, 71%
R=CF3, 3ha, 82%
R=COCH3, 3ia, 86%

CF2Ph R=COOMe, 3ja, 74%
R=OMe, 3ka, 70%

Rz R R
R?=R%=R‘=H, R'=Me, 3la, 72%
R l\\l R'=R%=R=H, R?=Me, 3ma, 80% R r\\l R=Me, 3pa, 70%
R'=R?=R%=H, R®Me, 3na, 67% R=F, 3qa, 85%
R l\@/\CFzPh > N CF2Ph R=Cl, 3ra, 72%

R'=R?=R%=H, R*=Me, 30a, 78%

=N, —
Ty . Oy Oy
N O/\CFQPh Nb/\ U\CFQ%
'CF,Ph

N
CF,Ph N

3sa 66% 3ta 91% 3ua 62% 3va 57%

Ph NC,
N N
Q‘\ Q\\ |:vh/Z/‘l‘;l NC/Z/~’cl
'\(j(M\eCFzPh NN peCF2Ph l\[j/\CFzPh N CF,Ph
o
3wa 78% 3xa 71% 3ya 85% 322 62%
o, Me R
Me0OOG, Et0OC, N
N N me-N_ )N )
MeOOC™ 2y \ crPhe N \ CF,Ph ) NL eraen
2 B AN crPh L
R=H, 3a4, 0%
3a170% 3a2 79% 3a3 67% R=Me, 3a5, 0%

¢ Reaction conditions: 1 (0.2 mmol), 2a (0.4 mmol), and PhI(OAc), (0.6
mmol) in THF (2 mL) irradiated with 405 nm 10 W blue LEDs at room
temperature for 12 h under a N, atmosphere. ” Isolated yields.
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substrate under the optimized conditions, generating the target
product 3ia in up to 86% yield. The sterically hindered substrate
with a methyl group at the 4- position of benzene ring under-
went the cascade cyclization reaction smoothly, affording the
corresponding product 3la with a yield of 72%, indicating that
steric hindrance has a negligible effect on this transformation.
Subsequently, the 5,6-disubstituted substrates with dimethyl or
dihalogen demonstrated good compatibility, and were trans-
formed into the expected products in moderate yields (3pa-ra,
70-85%).

When it comes to the substrates containing 4- or 7-azo-
benzimidazole core (1s and 1t), the desired products (3sa and
3ta) were generated in 66% and 91% yields, respectively. We
then turned our attention to the modification of olefin motif. To
our delight, N-but-3-en-1-yl benzimidazole 1u successfully per-
formed the tandem reaction, forming the five-membered fused
product 3ua in a considerable yield of 62%. Moreover, we
successfully constructed seven-membered cyclized benzimid-
azole 3va with an acceptable yield of 57%. Considering the effect
of radical stability, we installed methyl group into olefin motif.
However, the relative product 3wa was obtained with a slightly
decreased yield of 78%. Furthermore, when N-alkenoxyl
substrate 1x was employed, the corresponding product 3xa was
obtained in reasonable yield of 71%. Then, we focused on
imidazole-derived substrates, and found that the desired bicy-
clic aryldifluoromethylated imidazoles could be obtained in
moderate to good yields (3ya, 85%; 3za 62%; 3al, 70%; 3a2,
79%; 3a3, 67%). These results suggested that substrates with
electron-donating groups on imidazole ring were generally
more reactive than those with electron-withdrawing groups
(3ya, 3a2 vs. 3za, 3al). Finally, to our disappointment, the
anticipated product 3a4 could not be obtained, indicating that
the N-alkenyl indole 1a4 was unsuitable for this transformation.
To our disappointment, the anticipated product 3a4 could not
be obtained, indicating that the N-alkenyl indole 1a4 was
unsuitable for this transformation. Finally, when 3-methyl
substituted N-alkenyl indole 1a5 was employed for this trans-
formation, the reaction could not proceed smoothly under the
present conditions, leading to obvious raw material remaining,
and indicating that the indole core was probably incompatible
with this protocol.

Afterwards, we investigated the scope of this reaction with
respect to substituted aryldifluoroacetic acids. As revealed in
Table 3, a broad range of aryldifluoroacetic acids 2b-m, con-
taining electron-donating (Ph, Me, OMe) or electron-
withdrawing groups (F, Br, CN) at different positions of the
phenyl ring, were well tolerated under the standard conditions,
affording the corresponding products 3ab-am in yields of 71—
84%. Comparing substituents at the same positions of the
aromatic ring, we found that the reactivities of substrates with
electron-donating groups (Ph, Me, OMe) were higher than those
with electron-withdrawing groups (F, Br, CN) in reaction (3ab,
3ac, 3ad vs. 3ae, 3af, 3ag; 3ah, 3ai vs. 3aj; 3ak, 3al vs. 3am).
Moreover, this protocol exhibited good tolerance to halogens (F
and Br), and the corresponding products were obtained in
moderate yields, offering potential for further modifications
(3ae, 75%; 3af, 71%; 3aj, 74%; 3am, 72%). To our delight, when

RSC Adv, 2025, 15, 12739-12745 | 12741
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Table 3 Substrate scope of a-fluorinated carboxylatic acids®

F F
{ Z»N _F) Phi(OAC); (3.0 equiv.) N F)
3 *HOOC™ R THF (0.1 M), rit. ©EN R
2 3

" 405 nm 10 W blue LEDs
=
F R=H, 3aa, 80%
N R=Ph, 3ab, 83%
@: > i R=Me, 3:: 76% @[ F R R=Me, 3ah, 84%
N R=OMe, 3ad, 78% R=OMe, 3ai, c7/4%
R=F, 3ae, 75% R=Br, 3aj, 74%
. R=Br, 3af, 71%
R=CN 3ag, 70%

F F
R=Me, 3ak, 73% N F N F
R=OMe, 3al, 81% N Me N H
R=Br, 3am, 72%

3ao 66%

S EERCY
Ssoadesoaslenc(s)

3ap, 63% 3aq, 58% (dr=1:1) 3ar 41%

T, O
N N F
3as, 0% 3at, 0%
% Reaction conditions: 1a (0.2 mmol), 2 (0.4 mmol), and PhI(OAc), (0.6

mmol) in THF (2 mL) irradiated with 405 nm 10 W blue LEDs at room
temperature for 12 h under a N, atmosphere. ” Isolated yields.

a,a-difluoropropanoic acid (MeCF,COOH, 2n) was used as
a representative example of aliphatic difluoroacetic acids, the
preparation of product 3an proceeded smoothly under the
standard conditions with a satisfactory yield of 72%. Remark-
ably, the difluoroacetic acid (HCF,COOH, 20) also exhibited
good compatibility with this cascade cyclization reaction,
generating the product 3ao in 66% yield. To further extend the
application of this photo-induced decarboxylative cascade
cyclization reaction to oa-fluorinated carboxylatic acids, we
found that aliphatic a-monofluoroacetic acids, such as Me,-
CFCO,H (2p), MeCHFCO,H (2q), and 1-(tert-butoxycarbonyl)-4-
fluoropiperidine-4-carboxylic acid (2r), were effectively trans-
formed into the corresponding products 3ap, 3aq, and 3ar,
which were obtained in 63%, 58%, and 41% yields, respectively.
Regretfully, when we investigated PhCHFCOOH (2s), the
desired reaction did not proceed with unreacted starting
materials, indicating that a-fluorobenzeneacetic acid was
incompatible with this protocol, possibly because the corre-
sponding stable radical intermediate could not be continuously
generated under the standard experimental conditions. More-
over, when we investigated CF;COOH (2t), which has high
oxidation potential, the reaction could not proceed smoothly
under the standard conditions, likely due to difficulty in form-
ing the stable radical intermediate.

To broaden the application of this strategy, we explored the
construction of PhCF,-substituted benzimidazole-
dihydroisoquinoline skeleton via a photo-induced decarbox-
ylative radical cascade reaction. Encouragingly, the ring-fused
tetracyclic product (5) was successfully prepared from N-
alkenyl 2-phenyl benzimidazole (4) under the optimized
conditions with a synthetically useful yield of 78% (Scheme 2).
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CF,Ph
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4 A 2a

Scheme 2 Construction of the PhCF,-substituted benzimidazole-
dihydroisoquinoline.

Additionally, to explore the potential synthetic utility of this
protocol, a gram-scale experiment was carried out, demon-
strating an isolated yield of 77% (1.44 g, details in the ESI}), and
confirming the appropriate suitability for large-scale prepara-
tion of PhCF,-substituted ring-fused imidazoles.

To investigate the mechanism of this protocol, several
control experiments were conducted under the standard
conditions. Initially, the template reaction was remarkably
suppressed by the addition of 2,2,6,6-tetramethyl-piperidin-1-
oxyl (TEMPO, 3.0 equiv.) as a radical scavenger. Only a trace
amount of 3aa was detected, and radical-trapping adduct
TEMPO-CF,Ar (6) was identified by high-resolution mass spec-
trometry (HRMS) (Scheme 3a), indicating significant inhibition
of the transformation into 3aa. Moreover, the conversion from
1a to 3aa was completely inhibited upon the addition of 1,1-
diphenylethylene as a radical scavenger (3.0 equiv.), resulting in
the absence of 3aa and the detection of compound 7 by HRMS
(Scheme 3b). The results of radical-trapping experiments

a) Radical trapping by TEMPO

N N
B TEMPO (3.0 equiv.) \ N
N ——

.
Wslandard conditions N CF2,Ph )
P

~CF,Ph
1a 3aa Trace 6 (Detected by HRMS)
b) Radical trapping by 1,1-diphenyl ethene

Q‘) 1,1-diphenyl ethene (3.0 equiv. Q

Ph
+ NP CF,Ph
W standard conditions CF2Ph 1:\ z

1a 3aa N.D. 7 (Detected by HRMS)
c) Reaction of 1a and phenyl~7.3-iodanediyl bis(2,2-difluoro-2-phenylacetate)

Oy

W
1a 8 3aa71%
d) Light on-off experiments

405 nm 10W Blue LED N
+PI(OCOCFPh), =i e == Q\
» N2y 1L

(2.0 equiv.) N CF2Ph

100 4
90 4
804
70 4
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304
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Scheme 3 Control experiments.
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Scheme 4 Possible reaction mechanism.

CFzPh

showed that the cascade cyclizaition reaction might be relative
to a free radical process. Furthermore, the reaction of 1a with
phenyl-A*-iodanediyl bis(2,2-difluoro-2-phenylacetate) (8) pro-
ceeded smoothly to deliver 3aa in an isolated yield of 71% under
the standard conditions, indicating that PhI[OCOCF,Ph), (8) is
probably the key intermediate in this conversion process
(Scheme 3c). To display the role of visible-light irradiation in
this transformation, an On/Off light-illumination experiment
was performed. The results showed that continuous illumina-
tion is essential for the reaction to proceed (Scheme 3d).

Based on the above mechanistic studies as well as previous
related literature,™ a plausible reaction pathway is proposed in
Scheme 4 (taking the reaction of 1a with 2a as an example).
Initially, the intermediate PhI(OCOCF,Ph), (8) is formed by
ligand exchange between PhI(OAc), and PhCF,COOH (2a),
simultaneously genenerating an oxygen-centred radical inter-
mediate I and an idoine-centred radical intermediate I through
homolysis of the C-I bond under the irradiation of 405 nm
visible light. The radical intermediate II undergoes a decarbox-
ylative process to generate a PhCF, radical, which then attacks
the terminal alkenyl moiety of substrate 1a to afford carbon-
centred radical intermediate III. Subsequently, intramolecular
radical cyclization of intermediate III occurs to form interme-
diate IV, which is oxidized by intermediate I through a single-
electron transfer (SET) process, leading to the cationic inter-
mediate V. Finally, deprotonation and rearomation of inter-
mediate V take place, yielding the target product 3aa.

Conclusions

In summary, we developed an efficient and simple protocol for
photo-induced decarboxylative radical coupling of unactivated
olefin-containing imidazoles with a-fluorinated carboxylic
acids, affording CF- or ArCF,-substituted ring-fused imidazoles
in moderate to good yields. It was noteworthy that this practical
methodology has several beneficial merits, including simple
operation, readily available starting materials, and good func-
tional group compatibility. Moreover, mechanistic experiments
confirmed that this photo-induced decarboxylative radical
cascade reaction proceeds via a radical pathway.
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